A B S T R A C T Five male baboons were fed cholesterolla-3H until an isotopic steady state was approached in which the ratio of serum to dietary cholesterol specific activity was constant. The animals were then given single intravenous injections of cholesterol-4-"C, and the disappearance curves of the 14C from the circulation were followed for 70-85 days. The total exchangeable cholesterol pools under these conditions were determined by carcass analysis at the end of the experiment and were shown to agree closely with the sums of the two exchangeable cholesterol pools as predicted from analysis of the die-away curve in terms of a two exchangeable pool model, assuming that entry into and exit from the system occur predominantly through the more rapidly exchanging of the two pools. These results have been interpreted as support for the validity of a model consisting of two exchangeable pools and one nonexchangeable or very slowly exchangeable pool as an approximation of over-all cholesterol metabolism in this species.
INTRODUCTION
The turnover curve of plasma cholesterol specific activity after the administration of a single dose of radioactive cholesterol to man has recently been analyzed in detail by Goodman and Noble (2) . These authors demonstrated that in every study cholesterol turnover conThis report has been published in abstract form (1) . Dr. Wilson is a recipient of a Career Development Award of the U. S. Public Health Service.
Received for publication 7 July 1969 and in revised form 1 December 1969. formed to a two exchangeable pool model of the type described by Gurpide, Mann, Sandberg, and Lieberman in which the specific activity is described by the equation CAeat + CBe-Pt (3, 4) . ( The version of the model used in this paper is described in Fig. 1 , and the analyses derived from it are formulated in the Appendix.) Evi- dence in support of the general validity of this model has been advanced by three additional studies. Samuel, Holtzman, Meilman, and Perl (5) , and Nestel, Whyte, and Goodman (6) have also observed that the disappearance curve can be subjected to two compartmental analysis (5) , and Grundy and Ahrens have demonstrated that turnover rates calculated on the basis of a two compartment system conform closely to values obtained from sterol balance (7) .
The implications of this formulation for the elucidation both of normal and deranged cholesterol metabolism are considerable, since, if correct, it allows the estimation in the intact subject not only of the rate constants for the removal of cholesterol from and the exchange of cholesterol between the pools and of the production or turnover rate, but of the size of the pools as well. However, the quantification of the exchangeable pool size in this manner has been thought to be subject to a severe limitation: in the original description of the two pool model it was assumed that although the independent exit of cholesterol from pool B (kB) was negligible, the entry of cholesterol into pool B from outside the system (SB) was likely to be significant (2) . Thus, while the size of the rapidly exchangeable pool A could be estimated with theoretical soundness, pool B, the more slowly exchanging compartment, could not be estimated in the absence of a means of quantifying SB. A similar assumption was made by Samuel et al. (5) and by Nestel, Whyte, and Goodman (6) (12) ,' and in three instances it was dissolved in acetone and equilibrated in plasma as described by Goodman and Noble (2) before administration. Since the results obtained following these two studies were similar, the data have been treated together. After the cholesterol-4--C administration, blood was drawn at 1, 2, 4, 7, 11, and 14 days and weekly thereafter for the duration of the study. At the beginning and end of each study temperature for 7-10 days with the aid of a mechanical stirrer. In two instances the process was speeded by placing the containers on a steam bath for 2 days. At the end of this period the mixture consisted of a translucent brown fluid with a sediment of salts. The volume was then made up to 44 liters with ethanol and stirred for several hours. Aliquots (2-ml) were then removed in quadruplicate for analysis of cholesterol content and of cholesterol-'H and cholesterol-"C. In three experiments 1 g portions of 21 different tissues were dissected and removed before the processing of the carcass. These samples were mixed with 0.5 ml 10 N KOH and 2 ml of water and saponified in an autoclave at 15 lb. pressure for 30 min. Finally, a sixth baboon not included in the feeding study 'was subjected to total body dissection for the purpose of assessing the tissue weights per kilogram of body weight in this species.
A 20 g portion of each diet was extracted in boiling chloroform-methanol. The mixture was filtered, and the filtrate was diluted to 100 ml with methanol. 10-ml aliquots were taken to dryness, and the residue was refluxed on a steam bath in ethanolic KOH until all oil droplets had disappeared; these samples were processed along with the carcass and serum. 2-ml aliquots of the serum were mixed with 0.5 ml 10 N KOH and saponified in an autoclave at 15 lb. pressure for 30 min.
Cholesterol analyses. After saponification each biological sample was made up to contain 10 ml of water: ethanol (1: 1). The samples were extracted two times with 100 ml of petroleum ether on a shaking machine. The petroleum ether extracts were combined and taken to dryness by boiling on a steam bath. The residue was dissolved in ethanol: acetone ( 1:1 ), and steroid digitonides were precipitated and washed by the Sperry-Webb technique (13) . The dried digitonides were dissolved in 4.5 ml of methanol; two 1-ml aliquots were removed for measurements of cholesterol content (13) , and two aliquots were added to a solution of 0.5% diphenyloxazole in toluene for assay of radioactivity. The radioactivity measurements were performed in a Beckman' dual channel spectrometer programmed in such a manner that no tritium counts were observed in the 14C channel, while 32%o of the 1C counts were recovered in the 'H channel.
In order to determine whether the steroid digitonides contained principally cholesterol, sterols were regenerated from serum, diet, and carcass digitonides in two experiments as described by Sperry (14) . When aliquots of these samples were chromatographed by gas-liquid chromatography (3% Qf1 on Gas Chrom Q), no peaks other than cholesterol were observed, and an average of 98% of the radioactivity was recovered in the cholesterol area. Similar aliquots were also analyzed by thin-layer chromatography (benzene: ethyl acetate, 3: 1); again no other steroid areas were demonstrated when the plate was developed in anisaldehyde, and an average of 91 % of the radioactivity was present in the cholesterol area, the remainder being spread diffusely across the plates. Finally, an aliquot of the dietary cholesterol-'H together with carrier cholesterol was subjected to dibromination by the method of Fieser (15); the specific activity of this cholesterol was 2125 cpm/mg before dibromination and 2138 cpm/mg after dibromination. From these studies it was concluded that cholesterol is the maj or steroid measured under the conditions of this study, and that the cholesterol specific activities are reliable.
Preparation of radioactive cholesterol. The dietary cholesterol was prepared by adding cholesterol-la-H (Nuclear-'Beckman Instruments, Palo Alto, Calif.
Chicago Corporation,' 390 mCi/mmole) to cholesterol (Nutritional Biochemicals) which had been recrystallized five times from ethanol; the mixture was dissolved in boiling ethanol, recrystallized, and dried. Each animal was fed cholesterol from a single batch for the duration of the study. The cholesterol-4-1'C was obtained from New England Nuclear Corp.6 (10.25 mCi/1.67 mg).
RESULTS
The baboons in this study were maintained on a constant intake of a diet high in cholesterol-3H for 120 days. 4-7 wk after beginning of the feeding, each animal was injected intravenously with a single dose of cholesterol-4C. A representative experiment in which the change in serum cholesterol specific activity for the two isotopes has been plotted with time is illustrated in Fig. 2 . Within 30-50 days after beginning of the cholesterol feeding an isotopic steady state was approximated in each of the five animals and changed little thereafter; the specific activity of serum in these animals averaged 78, 78, 53, 59, and 65% of the dietary cholesterol specific activity. The semilogarithmic plot of specific radioactivity for 14C described a curve for the first 3 wk and thereafter following a straight line in all of the animals studied. As is true in man (2, 5, 6) when the terminal linear portion of the curve is extrapolated back to the injection time and subtracted from the experimental curve, the difference values followed a straight line, thus conforming to a two pool model (3, 4) .
The results of both the carcass analyses of these animals and the parameters calculated from the dieaway curves are described in Table I . The feeding of 3 g of dietary cholesterol dissolved in triolein to these animals for 4 months had only a slight effect on the average serum cholesterol value; the mean increase of 14 mg/100 ml, while not statistically significant, is similar to the results observed by Strong, Rosal, Deupree, and McGill in baboons given a high cholesterol intake for a year (16) and indicates that the serum cholesterol of this species like that of man (17, 18) is relatively stable when large amounts of cholesterol are fed. The total carcass cholesterol in these animals varied from 28.4 to 33.4 g, corresponding to a value of 1.3 ±0.1 g/kg body weight. Since an isotopic steady state for the fed cholesterol-3H was approximated in each animal, it was possible to measure the total exchangeable pool in this study by the following formulation (Table I, The nonexchangeable cholesterol pool (C) can likewise be estimated by subtracting the size of the total exchangeable pool in each instance from the total carcass cholesterol. It should be recognized that this moiety may include many pools which exchange more slowly than would be detected in a 4 month feeding study, as well as truly nonexchanging pools. The estimated values for pool C are given in line I of Table I and ranged from 10.0 to 14.4 g or 0.5 ±0.06 g/kg of body weight. This equals nearly 40% of the total carcass cholesterol. It is of interest in this regard that the brain and spinal cord in this study accounted on an average for only 584 mg of pool C per animal, and consequently it can be concluded that such a pool or pools must be more ubiquitous than has previously been recognized.
The cholesterol-"C die-away curves for these animals were remarkably consistent. This ti of the first exponential varied from 2.8 to 3.5 days, and that of the second exponential from 23 to 37 days. The size of pool A has been estimated by the formulation RA (CA + CB) and varied from 6.2 to 8.5 g (line t, Table I) In this study pool B varied from 9.9 to 14.8 g corresponding to 0.6 ±0.03 g/kg of weight (line aa, Table I ). If the assumption that entry and exit from pool B takes place almost exclusively through pool A is a valid one, then the sum of pools A and B should equal the size of the total exchangeable pool measured directly. This value is given in line bb of Table I ; not only does the mean value for the two pools A + B resemble closely that of the total exchangeable pools (line k), 19.6 ±1.0 and 18.7 ±0.5 g or 0.8 g/kg in each instance, but in no individual case do the estimates vary more than 12%. In view of the fact that both the isotopic steady state and the kinetic analyses are subject to a variety of methodological limitations, the striking agreement of the two types of estimation has been interpreted as substantive support for the concept that the cholesterol in pool B is predominantly derived from and disposed of through pool A.
Cholesterol Pools in the Baboon 659 value of a large number of pools with a rapid turnover, and consequently the correction factor used for all tissues for contamination with pool A may be in error in the case of individual tissues. Furthermore, this technique does not allow the differentiation of a true intracellular pool A from contamination with blood. With these limitations in mind, however, the data obtained in this manner are very interesting. The specific activities of serum, tissue, and total carcass cholesterol in baboons 3, 4, and 5 at the time of death are listed in Table II , and the mean estimates of the tissue pools derived from these specific activities are summarized in Fig. 3 First of all, the nonexchangeable or very slowly exchangeable tissue pool C is not limited to the central nervous system but is found in varying degree in several body compartments including bone, skin, and muscle where it might have been predicted, as well as in several tissues (adrenal, testis, and colon) in which cholesterol synthesis is appreciable. Pool A accounts The tissue specific activities obtained in this paper differ from the previous studies of Chobanian and Hollander (19) and of Field, Swell, Schools, and Treadwell (20) in one important respect; namely, that the specific activity of the injected isotope of some tissues exceeds that of blood after the time when the disappearance curve becomes linear. The reason for this discrepancy is not clear at present; it may derive from the fact that most of the subjects in those studies were individuals who were suffering from terminal cancer. The inevitable inanition which accompanies such a condition would diminish the synthesis and absorption of unlabeled cholesterol and consequently would cause discrepancies between blood and tissues in pool B to diminish. In addition, in neither study was bone or adipose tissue analyzed.
It is of interest that the 21 tissues chosen for this analysis contain about 900 mg of the average of 1191 mg of total carcass cholesterol per kg of body weight as determined in these three animals (3, 4, and 5) by direct carcass analysis; the discrepancy can probably be accounted for by the fact that several tissues (tendon, peripheral nerves, fascia, and omentum) were not analyzed separately. In addition, the data are subject to the limitation that 1 g aliquots of tissues such as muscle may not be representative of the total body cholesterol content of these tissues. Even with these limitations, however, it is clear that the size of a relatively few pools is massive in comparison with the majority of the body compartments. It is very likely that this feature of cholesterol metabolism explains why the over-all body turnover can be described as consisting of two exchangeable pools rather than the multitudinous pools which must in fact interchange in the intact animal. Table II (8, 9, 21) .
Provided that results obtained in the baboon apply to other species, the implications of these findings are noteworthy. It should be possible to assess the effects of pharmacological, physiological, and dietary manipulation not only on cholesterol balance, the serum concentration, and the size of the rapidly exchangeable pool but on the size of the slowly equilibrating pool as well. Thus, the means are now available for the description of cholesterol metabolism in normal and pathological states with greater precision than heretofore. Indeed, Nestel, Whyte, and Goodman have already explored the relation between body fat and both the production rate and the size of the exchangeable pools of cholesterol and A 0. have shown that the production rate and the size of pool B (but not of A) are related to excess body weight (6 Furthermore, it is clear that pool C must be viewed as comprising at least two components when one takes into consideration the over-all size of the organ; the first a vast, truly nonexchangeable pool which is comprised primarily of central nervous tissue, bone, and muscle and in which neither significant cholesterol synthesis nor complete exchange takes place in the adult. The presence of muscle and other tissues rich in fibrous connective tissue in this category raises the possibility that a third exchangeable cholesterol pool, even more slowly turning over, might be delineated within pool C if the experiment were designed to be conducted for a year or more. It is also true, of course, that additional, very slowly exchanging pools might be delineated by the peel-away technique if the die-away curve for the injected isotope were followed for longer periods of time.
Therefore, it seems reasonable to conclude that these two methods (kinetic analysis of the die-away curve, and carcass analysis following radioactive cholesterol feeding) have delineated two exchangeable pools which differ considerably from the remainder of the body cholesterol in the ability to exchange with the serum. The second element of pool C, while smaller in relation to the over-all size of the pool would be composed of tissues in which net cholesterol synthesis does take place at an appreciable rate but which probably do not exchange completely with the circulation and which as a consequence make exceedingly low or no net contributions to the circulating level. In this category, testis, colon, adrenal, and skin are striking examples.
One final application of the double isotope technique used in these experiments deserves comment. Since the percentage of circulating cholesterol derived from dietary and from endogenous sources can be estimated in the isotopic steady state, and since the turnover or metabolic production rate can be determined from the die-away curve, it is also possible to determine the amount of dietary cholesterol absorbed each day as well as the amount of daily endogenous cholesterol synthesis. Thus, because of the simplicity of the measurements involved, this means of studying over-all cholesterol metabolism offers several advantages to the more difficult types of estimation utilizing isotopic balance techniques (6) .
APPENDIX
The kinetic analyses have been taken from Gurpide et al. (3, 4) and from Goodman and Noble (2).
1. The basic kinetic formula is at = CAe-t + CBe-t in which at is specific activity at time t; CA and CB are the specific activities of exponentials A and B at time zero; a and iB are 0.69315 per half-life of exponentials A and B respectively; and e is the natural logarithm.
2. The size of pool A (MA) is RA CA + CB in which RA is the amount of isotope injected (cpm). 7 . The rate constant for the exit of cholesterol from pool A to outside the system is kA = kBA 8. The rate constant for the transfer of cholesterol from pool A to pool B is kAB =-kAA -kA 9. The size of pool B where the basic assumption is made that both SB and kB approximate zero is MB =MA (kAB) (kBA) 
